Abstract. The article was focused on experimental verification of the identification of thermal characteristics of high-performance cementitious composites at elevated temperatures. The purpose of the research was to verify the properties, and consequently the suitability of these special cement composites for the production of a heat storage device for the long-term accumulation of thermal energy. The theoretical prerequisites for the identification of thermal characteristics and the practical procedure of experimental verification of the characteristics were presented. A modified procedure for the determination of temperature conductivity α by the hot wire method was suggested. Subsequently, the experimental verification and the results of the measured thermal characteristics were listed -and the temperature conductivity α, the thermal conductivity λ [w/m·K], the volumetric heat capacity and the specific heat capacity c [J/kg·K] by the modified method were determined.
Introduction
Continuous growth in greenhouse gas emissions and fuel price increases are key drivers for the more efficient use of renewable energy sources. Renewable sources have a practically limitless lifespan as they consist of solar energy, wind energy, geothermal energy, hydropower and tidal energy. The most effective source of energy is direct sunlight, and solar energy is used by photovoltaic power plants. The current problem is the realisation of the solar energy collection and its storage in a heat storage device for long-term accumulation of thermal energy. At present, the use of renewable energy sources is realised only in so-called island systems.
The proposed heat storage system consists of a high-performance cementitious composite heat storage device and a thermal insulating cover. The aim of this system is to accumulate and maintain the temperature range within the required limits, so that it depends upon its thermal accumulation characteristics. These thermal accumulation characteristics are determined by physical thermal characteristics including, in particular, the specific heat capacity and thermal conductivity. An important role in terms of heat accumulation is also played by the bulk density.
The working temperature of the solar accumulating storage device ranges from 250°C to 800°C. The temperature level is dependent not only on the supply and pumping of energy, but on the insulation of the accumulating storage device. For proper functioning and long-term durability, the choice of a suitable material for the accumulating storage device is crucial. One option is to construct an accumulating storage device from concrete. Resistance during exposure to high temperatures is very important. Another valid aspect is thermal conductivity. The higher the thermal conductivity of the storage device material, the faster the accumulation progress. The addition of carbon nanoparticles can positively affect the durability of the cement composites as well as the thermal conductivity of the composites. For example, [1] [2] [3] lists the results of the thermal conductivity measurement of cementitious nanocomposites with carbon nanotubes, and [4] lists the changes in thermal conductivity of polymer matrix composites. These new findings have been taken into account when designing the structure of experimentally tested high-performance cementitious composites. Within the research work, the requirements for the thermal characteristics of the cement composite were defined. Subsequent experimental works consisted in identifying the thermal characteristics of selected cementitious composites at elevated temperatures.
Prerequisites for identifying thermal characteristics
In order to estimate the effects of heat-stressed building structures, it is necessary to know the values of the basic thermal characteristics of the materials used. The classical evolutionary Fourier equation represents non-stationary heat transfer. To study the temperature distribution of a given structure, it is necessary to know the thermal conductivity values, λ, if the process is stationary. It is also necessary to know the specific heat capacity c related to the density of the material ρ. The formulation of the Fourier equation in Cartesian coordinates is as follows:
After transforming the relation (1) into the cylindrical coordinates in the two-dimensional space, we obtain an equation:
A suitable method for measuring refractories in the temperature range from 20°C to 800°C is the hot wire method. This method allows computational identification of thermal conductivity and heat capacity at elevated temperatures. Material identification by the heating wire method uses the following assumptions:
(1.) The heating wire is considered to be thin and its thermal and temperature conductivity can be neglected; (2.) The material sample can be assumed to be a long rotary cylinder with a large radius r, in whose axis lies the heating wire; (3.) The heating wire, at the time t = 0, supplies the constant heat output Q w [W·m −1 ] to the unit of length, so that the power Q wl [W] can be related to the surface area of the cylinder with content 2πrl, where r is the distance of all points from the heating wire with consideration of the previous assumptions for the limit transition r → 0 + ; (4.) The material is considered homogeneous and isotropic with the scalar characteristics of λ, and α; (5.) The characteristics λ and α can be at a given temperature level and can be considered as independent of the temperature of the sample T (r, t) for any radius r ∈ R + and time (the set R + is considered as a set of positive real numbers); (6.) The ambient temperature of the sample is unchanged during the measurement.
Under these assumptions, it is possible to use a classical analytical relation (2) for the distribution of temperature in the measured sample [5] . As a result, the ambient temperature of the heating wire at the distance r in time t reaches the following values:
in which Ei represents an exponential integral
Ei is defined for any number β ∈ R + . Therefore, in accordance with (3), the following equation is applicable:
It is obvious that the temperature T (r, t) from equation (5) conforms to the evolutionary partial heat equation without internal sources for the axially symmetrical task given by the correlated relation
with the initial condition at time
the boundary condition of the Dirichlet type
and the Neumann type boundary condition
In condition (9), the denominator is the Fourier heat flux. The derivation of equation (10) from the standard heat distribution equation in Cartesian coordinates is conducted in [6] Chapter 9. The author also discussed this issue in [7] Chapter 3.
The thermal conductivity λ represents the density of the heat flow divided by the temperature gradient. The derived physical quantity is the thermal conductivity α, which is formulated by relation α = λ κ .
Determination of thermal
conductivity by the method of heating wire (ISO 8894-1)
Experimental determination of thermal conductivity is carried out according to ISO 8894-1 [8] , because the procedure allows the determination of the thermal conductivity coefficient λ by the dynamic method for dense materials, with a thermal conductivity of up to 25 W·m −1 ·K −1 . The temperature rise time of the heating wire is measured as a result of the propagation of the thermal wave induced by the supplied constant power through the line conductor, which is stored inside the monitored sample of the building material. The sample is placed in a heated space, whereby the condition for the evaluation of the physical quantities is the stability of the ambient temperature at a tolerance of 10 K.
The heating wire is made of a material called kanthal, with a length equal to the length of the test specimen, and the ends of the heating wire are connected to a supply voltage and a digital multimeter. A stabilised power supply, whose voltage and current supply the corresponding heat output to the heating wire, may not fluctuate by more than 2% during the measurement. The required heat capacity of the heating wire must be greater than 250 W·m −1 . The measuring thermocouples are of a Ni/NiCr design.
Test procedure: The heating wire and measuring thermocouples are placed between the upper and lower part of the test body, and thermocouple 2 is placed in a groove in the centre of the contact edge of the fitting before eventually being sealed. Thermocouple 1 is placed into the groove in the test material perpendicular to the heating wire. The test unit is then placed in the furnace. Due to the uniform heating in the furnace, the test unit is placed on mats made of a similar material to the test sample. The heating wire is connected to a stabilised DC source.
If the conditions given by the relevant standard (ISO 8894-1, see point a) to f)) are met, it is possible to connect the current from the stabilised source and gradually, at certain time intervals, to measure temperatures on both thermocouples. The effect of the heating power must be carried out during the time t determined for the assumed λ, ρ and c values according to ISO 8894-1. After this time, the heating current is interrupted and the recording of temperature course is terminated. Once the temperature between the two thermocouples has stabilised, the measurement can be repeated under the same conditions. [8] The evaluation of the results is taken from the sequence of temperature difference quotients at the current point in time t i and its double. The temperature differences are calculated to the start-up temperature of the power supply. Thermal conductivity is calculated based on the following relationship:
∆θ(t) (10)
In the above relation, Ei is the exponential integral given by the dependence (9) in which the expression is formulated as follows:
The measured temperatures are tabulated at the same time intervals. When evaluating the results, the calculation is performed by using the ratio of differences of the measured temperatures at time t and also at double time 2t. The ratio of the measured differences is designated by the symbol Z:
The value of the exponential integral Ei is a function of this variable and is tabulated in ISO 8894-1 [8] . In the measurement table, the Z values are calculated for each time point to which the corresponding integral is assigned. In each i-line, according to relation (16), the thermal conductivity λ i is calculated. The resulting thermal conductivity is evaluated as the average of all λ i .
Due to the fact that the number of measured values, and therefore, the length of measuring time intervals are limited because of the calculation slowness, the accuracy of the evaluation is reduced.
Experimental part

4.1.
Procedure for determining the thermal conductivity and heat capacity of the material by a modified hot wire method
Suppose we have now experimentally measured T * (r, t) and T (r, t) temperature values expressed analytically on the set R + × R + . We now introduce the function F (λ, κ) so that the following is valid:
The formula in brackets (.,.) denotes the scalar product in the Lebesgue space of functions integrable in the square on the set R + ×R + with a suitably chosen weight w(r, t). The minimum function (15) clearly corresponds to the κ and λ values. If we specifically know the temperature values for radii n{r 1 . . . r n } and times m{t 1 . . . t m }, the mentioned integral scalar product for any admissible functions ϕ and ψ can be defined by the relation:
w(r, t) ϕ(r, t) ψ(r, t) dr dt
for positive discrete weight w ij properties:
And the Dirac two-dimensional measure:
then F is generally a nonlinear function of two variables κ and λ. In the calculation (15) n = 1 and w 11 = w 12 = . . . w 1m = 1/m are selected. If, in the definition (15), a variable α = Q/4πλ is considered instead of the variable λ, then it is based on (18):
The values with the asterisk in the formula (19) represent experimentally measured data. From this, it is possible to directly calculate the thermal conductivity value α. For simplicity, let us consider that we want to determine the value α from another independent experiment. From the previous, it differs only by measuring it at a different distance from the line power source, so r 1 = d. Instead of variable a, we can now consider function F as a function of the new variable b = r 2 1 4κ . Then equation (5) has the following form:
If we mark the first and second derivatives of the function F with apostrophe, then we gradually get the values necessary for the subsequent calculations. The basic function F has the following form:
The first derivation:
The second derivation:
If the first and second derivations of function (15) are known, then it is possible to apply the iterative Newton method of tangents in the form:
The wave line above variable b indicates a refined parameter value. Generalising this approach is therefore the choice n = 2 with the condition of approaching the distance r 1 → 0 from the right and r 2 = d.
Additionally, the procedure may be modified by the Levenberg-Marquardt technique according to [6] in Chapter 10b. If we want to formally observe the standardised method according to ISO 8894-1, we can evaluate the thermal conductivity for r 1 → 0 + , where it is not necessary to know the κ value. It would then be possible to indirectly detect the value b by the iterative process and afterwards set parameter κ from this value. In the research work, the calculation of λ and κ is verified by experiment, which applies the modified heating wire method.
The difference between this method and the classical method according to ISO 8894 is, on the one hand, in the method of supplying heat energy through the power that is realised by the heating wire and then the subsequent cooling of the sample after the interruption of the supply; and on the other hand, in the distribution of thermocouples for measuring the temperature of the gradual thermal wave. The process is time-limited by both heating and cooling time (both time intervals are the same).
Arrangement of an experimental
assembly for the procedure of determining the thermal conductivity by the hot wire method
The arrangement of samples and thermocouples for the experiment differed from the arrangement for measurement by the λ method according to ISO 8894-1 [8] . The first measuring thermocouple lie in close proximity to the heating wire, usually at a distance of 3 mm, and the other thermocouple lies parallel to the heating wire at a distance of 15 mm. The schematic arrangement of the measured block is shown in Figure 1 . The process of the temperature and measurement setting is controlled by the computer.
Results and discussion
Summary of knowledge about materials for realisation of sensible storage devices
The objective of the experiment was to prove the properties of silicate materials in terms of their use in the realisation of sensible high-capacity and hightemperature storage containers. For this purpose, samples of cementitious composites resistant to temperatures above 800°C were selected for their realisation. Indicators of the suitability for use of the chosen materials were the physical values of the thermal conductivity λ and the specific heat capacity c. A suitable storage container must have such properties to ensure the required energy use. The storage container is charged by insolation of the collector during the climatic year.
A validated sensible energy storage device can be used as a power supply for a family home and has been designed for minimal temperature loss.
The input data were density, specific heat capacity, immediate power output over a one-year period, storage container size and daily consumption. The capacity of the storage container and its dynamic behaviour depends, inter alia, mainly on the value of the specific heat capacity of the building material and its density. Another important factor of energy accumulation is its thermal conductivity. The higher the thermal conductivity of the container's building material, the faster the accumulation progress. The working temperatures of the storage container vary between 200°C and 500°C. In this area, we have to look for values with a favourable specific heat capacity and thermal conductivity.
Cementitious composites of various compositions were tested. Five variants of cement composites (CA1, CA2, CC1, CC2, CQ) were tested. The matrix of the CA1 and CA2 composites was made from aluminous cement, composite matrix CC1, CC2 was based on Portland cement and sample CQ was magnesium based composite. 
Conclusion
For the intended application of the high-performance cementitious composite for the heat accumulating storage device, it is necessary to achieve the highest possible thermal conductivity and heat capacity. The thermal conductivity value is related to the rate of equalisation of the temperature differences in the storage device volume, which is the decisive parameter for charging and discharging of the high-temperature heat storage device. The heat capacity value of the storage device core material determines the total heat content, and is a decisive parameter in determining its geometric volume. Thermal identification over a wide range of operating temperatures is necessary to verify the thermal behaviour of the various cementitious composites under the real conditions of incorporation into the core of the high-temperature heat storage device.
The best results were obtained with materials with a high magnesium oxide content. These results, however, are not presented in the comparisons in Figures 6 and 7 because this material is incomparable, in terms of price, with the tested high-performance cementitious composites, and its price does not currently allow its incorporation into the real-world construction of the high-temperature heat storage device.
By comparing the thermal conductivity and thermal capacity values in the temperature range of the operating temperatures of 20°C to 800°C, it appears to be the most suitable cementitious composite with the designation CC1, whose favourable physical properties are also related to its density.
The useful physical properties of the final sensible storage device made of CC1 material are closely related to the use of the thermal insulating layers in the packaging construction, the overall needed size of the storage device, and its operating states. The specific design and arrangement of the high-temperature heat storage device will depend on the thermal balance of the energy flows, their time distribution, etc. However, due to the favourable properties of the storage device core material, it provides the most favourable physical characteristics.
